We consider the energy release associated with first-order transition by Gibbs construction and present such energy release as an accumulation of a series of tiny binding energy differences between over-compressed states and stable ones. Universal formulae for the energy release from one homogeneous phase to the other is given. We find the energy release per converted particle varies with number density. As an example, the deconfinement phase transition at supranuclear densities is discussed in detail. The mean energy release per converted baryon is of order 0.1MeV in RMF theory and MIT bag descriptions for hadronic matter and strange quark matter for a wider parameter region.
Introduction
Glendenning [1] had realized the essentially different character of a first-order transition in simple system possessing a single conserved quantity and complex one having more than one conserved charge. One of the most remarkable features of a simple system is the constancy of the pressure during the transition from one homogeneous phase to the other. Such phase transition is the typical description of first-order one in textbook. The properties of the transition are quite different in complex. The pressure varies continuously with the proportion of two pure phases in equilibrium. Some quantities are obviously nonlinear functions in the proportion in the mixed phase.
As well-known, the occurrence of first-order transition will eventually accompany the release of energy. The energy is called latent heat related to the release of entropy in the example of gas-liquid transition. The phase transition at zero temperature showed the liberation of binding energy. We still use the concept of "latent heat" for the release of energy associated with such the first-order phase transition.
The calculations of "latent heat" from hadronic matter to strange quark matter were firstly made by Haensel and Zdunik [2] . They considered hadrons be absorbed into strange quark matter in accreting strange stars and had expected that the heat per absorbed neutron is in the range 10∼30MeV. Generally the energy release for constantpressure phase transition at zero temperature takes place nearby a transition point where an over-compressed state, metastable, is probably the first to form and then go to a stable state [3] . However, the phase transition in a multicomponent system takes place in a varying pressure region. An appearance of over-compressed state at every pressure is possible. So we need to face up to a series of metastable states if the assumed system has a durative transfer from one pure phase to the other. Relatively speaking, the treatment of such energy release is a more difficult task than the constant-pressure case. We will focus on solving the problem in present paper.
Many phase transitions in nuclear matter are the expected ones having multicomponent mixture in chemistry, the nuclear gas-liquid transition relevant to accelerator experiments, where the neutron and proton number are conserved, pion, koan condensates and deconfinement of quarks in high density, where the conserved charges are baryon and electric. Typically, we will treat the problem on the converted energy taking the confined-deconfined phase transition as an example.
Ideally the two phase should be described selfconsistently in the same theory, but we cannot solve QCD through confined-deconfined phase transition based on our present knowledge. Hence we will use separate models for each phase. We describe the equation of state of hadronic matter in the framework of the relativistic mean-field theory and depict the deconfined quark matter in the MIT bag model. We will study the baryon number density dependence of energy per baryon for different phases, hadronic, quark and their mixed phase.
The plan of the paper is as follows. In Sec. II we state our views on "latent heat" and formulate the problem. In Sec.III we solve numerically the equations in the confineddeconfined phase transition for the given equations of state. Our discussion and conclusion will be made in Sec.IV.
Formulation of the problem
For superdense nuclear matter where a first-order phase transition would take place, the pressure p versus baryon number density could generally be described in Figure 1 if we follow the same philosophy and method used by Glendenning. Correspondingly, the number density dependence of the energy per baryon could also be revealed in the figure(low panel). The body experiences from low density phase, mixed phase to high density phase with the number density increase. We find the suppression of the increase binding energy in the mixed phase as compared with the low density phase when the body gradually compressed. The starting point S in the mixed phase is so conspicuous that the body may go beyond S in low density phase to an over-compressed state and then have a transition to a stable state in mixed phase. Analogous situation would appear at every point in mixed phase region. The process depicted by A, B and C should repeatedly occur through the duration when the body were transferred from S to F . We can consider that the transfer is nearly along the line m, denoting the equation of state, if the over-compressed states have very small deviations from the corresponding state in mixed phase region.
As well-known, the total energy and baryon number densities for the mixed phase, given by Glendenning [1, 4] , read
with the volume fraction
where V l and V h represent the volumes occupied by low density and high density phase respectively, ǫ l and ǫ h denote the corresponding energy densities, ρ l and ρ h , the baryon number densities. We further introduce the baryon number fraction η(= N h /N ) to rewrite the equations (1) and (2) for convenience of the following treatments,where N h and N present high density phase and total baryon numbers.
Substitute
Therefore Eqs (1) and (2) become
The energy per baryon(binding energy) is expressed as
At zero temperature the energy e only depends on the density. The change in e arises from the density increases by means of compression and deconfinement.The energy e can therefore be assumed to be of the function of form e(η(ρ), ρ). We find the derivative of e with respect to ρ, which reads
Furthermore
where
Eq (10) shows the fact that the increase of binding energy in mixed phase amounts to the composition of two processes, the simple compressional change without phase transition and the compressional one due to the occurrence of phase transition. We define
and hence substitute it into Eq(9), we immediately have
In equation (11), η has been supposed invariable factor with increase density.
indicates the the binding energy increase by a simple compression regardless of phase transition since no particle is converted to the other phase from one phase. The second term of the right-hand side in Eq(9) or Eq(12) is obviously associated with phase transition because it arises from the change of the baryon number fraction. We further change Eq(13) to reveal the physical meanings of quantity δq. From an initial state(see A in figure 1 ) to the adjacent stable state, the system suffering phase transition(see B ), or the adjacent metastable one, the system experiencing simple compression( see C), through a equivalent density change, the binding energies for B and C can be calculated as , where E B , E C represent total energies of the system for the two states. Evidently δq indicates the binding energy release, just the same mechanism as the physical situation in [2] , when the body change from the metastable state C into the stable stateB. A very small change of density considered here is the only difference from Ref [2] and hence the energy release, δq, tends to zero. But the accumulation of a series of infinitesimal released energies is able to be nonvanishing because the system certainly experiences the finite change during real phase transition, which can be expressed by an definite integral.
Therefor, when we consider the assumed system with N baryon number from pure low density phase(S in figure 1 ) to pure high density one(F in the figure), the energy release can be expressed as
whereq is mean energy release per baryon. We can also calculate the energy release per converted baryon for different densities. The total energy release for given density ρ in mixed phase region equals N δq. Meanwhile, the converted baryon numbers should be δN h at infinitesimal compression δρ. Thus the energy release per converted baryon is calculated by
The meanings of the formula will be displayed thoroughly when Eq(12) is substituted into Eq(15),
Clearly the energy release per converted baryon is different for various baryon number density during phase transition in varying pressure. We turn back to the understandings of Eq(10). We easily find that the simple compression causes the binding energy increase but the phase transition leads to the reduction. The reduced energy is just about the energy release.
Application: The energy release in deconfinement phase transition
We will numerically solve the integral(12) together with equations (1)and (2) for the transition from hadronic matter to quark matter. The low density phase represents hadronic matter, called HP for short, and the high density one indicates quark matter, QP for short. We use the equations of state in relativistic mean-field theory(RMF) description for hadronic matter and the equations of state in MIT bag model for quark matter.
where the spinor for the baryon species B is denoted by ψ B , σ, ω, ρ represent meson fields. The energy density and pressure can be obtained in the familiar manner as
where the coupling constants g σ ,g ω ,g ρ ,b and c can be determined by the nuclear saturation density ρ 0 , the binding energy at saturation B/A, the symmetry energya sym , the compression modulusK and the effective nucleon mass m * . In MIT bag model, the energy density and pressure of quark matter at zero temperature are given by
(21) We calculate the mixed phase of hadronic and quark matter with Gibbs construction which first used by Glendenning [1] . For simplicity, we neglect Coulom and surface effects in MP. The Gibbs condition for mechanical and chemical equilibrium at zero temperature in MP is written as
We will obtain Eqs(1) and (2) where ρ c QP and ρ c HP respectively denote negative charged density of quark matter and positive one of hadronic matter. When χ=0 and 1, the global charge neutrality spontaneously come back local charge neutralities for pure hadronic matter and pure quark matter. The equilibrium chemical potentials can be determined in MP from Eq(20) while χ can be solved from Eq(21).
We choose the representative parameters for soft, moderate and stiff hadronic matter equations of state listed in table 1. The bag constant is taken as B 1/4 =170MeV, 180MeV and 190MeV. We construct a series of the equations of state with MP denoted by RMFn+B 1/4 (n=1,2,3) under those considerations. As an example, RMF1+180 is depicted in figure 2 .
We calculates δq δρ andq for the different equations of state. The results are showed in figure 3 and 4 . Although the uncertainties of the equations of state have effect on the results, they are of order 0.1MeV under our considerations.
We also utilize equation (15) to calculate q(ρ) shown in figure 5 and 6, corresponding to figure 3 and 4. Obviously, q(ρ) changes aroundq in the wide regions. The data for several cases, RMF1+180, RMF2+180 and RFM3+180, are listed in tables 2∼4.
Conclusion and discussion
We put forward a method to calculate the energy release in the first-order phase transition that have varying pressure found by Glendenning. We formulate the release of energy per baryon from one homogenous phase to the other. We find the dependence of energy release per converted baryon on density.
We investigate the case of deconfinement phase transition using RMF description for hadronic matter and MIT bag description for quark matter. We find that the mean energy release per converted baryon is of order 0.1MeV, much smaller than that of the transition considered by Haensel and Zdunik, tens of MeV [2] . We indeed see the difference of energy release if a hadron is converted into quarks at different pressure(density) points.
From the analysis and the performance of mathematical calculations, we see that the binding energy in a hadron is probably liberated during transition process at zero temperature. Clearly the degree of freedom for a baryon number changes in deconfinement phase transition. Our calculations also show that the deconfinement process in varying pressure can be regard as an accumulation of innumerable constant-pressure phase transitions. Our discussion may be relevant to accelerator experiments and many astrophysical problems. Especially, many transitions with two conserved charges could occur in neutron stars, such as nuclei compositional transition in the crust [6] , meson condensates [7] , hyperon productions and superfluid transitions in the interior [8] . The consideration in this work may be applied to them. The energy release due to such firstorder transitions would significantly influence the evolution of neutron stars [6, 9, 10] .
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